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ABSTRACT 
 

Dental enamel, the hardest tissue in the human body, plays a critical protective role in maintaining tooth integrity and 

function. However, its inability to self-repair following damage or disease represents a significant clinical challenge in 

restorative dentistry. This comprehensive literature review examines current and emerging techniques for enamel 

regeneration, restoration, and remineralization, synthesizing evidence from biochemical, cellular, and tissue engineering 

approaches. The review encompasses multiple major regeneration strategies: remineralization agents including fluoride 

therapy; biomimetic mineralization approaches utilizing calcium phosphate technologies and self-assembled peptides; 

rotary evaporation methods for controlled crystal formation; laser-assisted mineralization; in situ remineralization 

mimicking amelogenin functions; electrically accelerated remineralization; gene therapy utilizing ameloblast-like cells 

and induced pluripotent stem cells; and scaffold-based strategies for tissue engineering. Contemporary biomimetic 

materials have demonstrated superior remineralization potential compared to traditional fluoride-based approaches. Cell-

based regeneration utilizing dental epithelial stem cells and iPSCs shows promise for creating enamel with properties 

approaching natural tissue. However, significant challenges persist in replicating enamel’s complex hierarchical structure 

and achieving adequate mechanical properties. The field requires continued research to optimize regeneration parameters 

and develop scalable clinical protocols for routine clinical implementation. 
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Introduction 

Dental enamel, the outermost layer of the tooth’s crown, 

represents the hardest tissue in the human body [1]. It serves 

a critical function by forming a barrier against temperature 

fluctuations, masticatory forces, and the acidic environment 

caused by food and bacteria [2]. Mature enamel is composed 

of 1% organic material, 3% water, and 95% inorganic 

material, primarily hydroxyapatite (HAp) crystals [3]. From 

the nanoscale to the microscale, its hierarchical structure is 

evident [4]. HAp crystals (Ca10 (PO4x)6 (OH)2) grow 

along the C-axis of the crystal and have a hexagonal 

configuration at the nanoscale [5]. There are other trace 

minerals, such as fluoride, zinc, magnesium, and sodium, 

which fluctuate in concentration according to mineral 

exposure and enamel thickness [1, 3]. Densely packed HAp 

crystals on the microscale form units known as enamel rods 

or prisms [4]. Further, proteins, lipids, and disordered 

crystals make up the inter-rods or inter-prismatic regions 

that divide these rods. The spaces between rods are softer 

than the rods themselves, although they are more resistant to 

acid degradation [1, 6]. The size of these prisms and inter-

prism regions is affected by enamel thickness, as the outer 

layers have larger inter-prism areas and smaller prisms [6, 

7]. Therefore, enamel has remarkable anisotropic 

mechanical capabilities attributed to the hierarchical 

structure and chemical makeup [8].  

Histologically, ameloblasts, the cells that create enamel, go 

through several stages in the process of amelogenesis, a 

process that is regulated by molecular pathways. 

Amelogenesis goes through four stages: pre-secretory, 

secretory, transitional, and maturation stages [2, 9]. Prism 

layout and inter-prism spaces are controlled by ameloblasts, 

which originate from the inner enamel epithelium and 

provide an organic matrix [10]. During the presecretory 

phase, pre-ameloblasts develop from undifferentiated inner 

enamel organ cells and secrete proteins onto the pre-dentin. 

In contrast, mesenchyme-derived odontoblasts secrete pre-

dentin at the future dentino-enamel junction (DEJ). The 

basal lamina will later be broken by the pre-ameloblasts. 

Consequently, future ameloblasts and odontoblasts can 

come into physical touch, initiating the creation of enamel 

and dentin through epithelial-mesenchymal signaling. The 

initial enamel is prismatic with random crystallite 

orientation, and crystallite production in the enamel matrix 

follows [9, 10]. 

Ameloblasts lengthen and create Tomes’ process, which 

determines the prismatic pattern of enamel, during the 

secretory phase [10, 11]. Around 30% of the enamel is 

mineralized at this point, and the thickness of the enamel 

rises [12]. The Tomes’ process vanishes and matrix protein 

release declines during the transition phase [2, 12]. 

Proteinases break down the enamel matrix during the 

maturation phase, allowing crystals to grow thicker and 

wider and filling in the gaps left by the matrix proteins [13]. 

In order to adapt to internal and external pH levels and 

promote ion transport, ameloblasts alternate between ruffle-

ended and smooth-ended morphologies [14]. By removing 
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matrix proteins and enlarging enamel crystals, this stage 

completes enamel mineralization [14, 15]. While dentin and 

pulp can regenerate through dental pulp cells [16], 

ameloblasts undergo apoptosis after maturation, which 

prevents enamel from self-repairing following tooth 

eruption [2].  

Over the years, various restorative materials like amalgam, 

resin composites, and ceramics have been employed in 

traditional enamel restoration methods. However, the ability 

to restore function and structure is constrained by the 

differences in physical, mechanical, and visual properties 

between these materials and natural enamel. Despite the 

keen interest in this area, creating alternative treatment 

methods to repair or regenerate enamel is challenging, 

attributed to the difficulty in replicating the native enamel 

characteristics. Therefore, the aim of this study is to examine 

the modern regenerative techniques of enamel. It further 

highlights the latest techniques employed for enamel 

restoration and remineralization.  

Remineralization agents and fluoride therapy  

Fluoride therapy has traditionally been used for enamel 

remineralization and dental cavity prevention [17, 18]. 

Although salivary fluoride is an intrinsic remineralization 

solution, its quantity remains very low [19]. When fluoride 

is available, fluoride ions (F-) replace hydroxyl groups (OH-

) in the crystal lattice to form fluorapatite, which is less 

soluble and more demineralization resistant under acidic 

conditions than hydroxyapatite [20, 21]. As a result, fluoride 

in the form of fluorapatite reduces the breakdown of enamel 

by inhibiting the loss of phosphate and calcium ions [20]. 

However, the potential risk of fluorosis and excessive 

fluoride concentrations may be associated with adverse 

effects [20, 22]. Furthermore, each unit of 

fluorohydroxyapatite requires a specific number of ions of 

fluoride, calcium, and phosphate. Hence, the lack of these 

ions represents a limitation for the use of fluoride therapy in 

enamel remineralization [23, 24].  

Another source of fluoride is ingestion through sources,such 

as lactation [25], respiration, and food, including milk, salt, 

and nutritional supplements of fluoride in milk, tablets, and 

drops [25]. In contrast to topical fluoride application, which 

has a post-eruptive enamel effect, ingestible fluoride may 

have a post-eruptive effect associated with dental fluorosis, 

if excessive amounts of fluoride are consumed during tooth 

development [26]. Providing calcium and phosphate 

minerals can increase remineralization; however, fluoride 

ions have a tendency to form insoluble calcium fluoride 

(CaF2) upon reaction with calcium ions, which depletes 

bioavailable fluoride ions [23]. Therefore, dental products 

do not combine calcium phosphate ions with fluoride ions 

[27]. An example is using dentifrices with two 

compartments to separate sodium fluoride (NaF) and 

dicalcium phosphate dihydrate. This eventually increases 

anticaries efficacy and fluoride delivery [23, 27]. 

Biomimetic mineralization and calcium phosphate 

technologies  

Two calcium phosphate technologies have been developed 

to promote remineralization of enamel subsurface lesions. 

These technologies include casein phosphopeptide-

stabilized amorphous calcium phosphate (CPP–ACP) and 

functionalized tricalcium phosphate (fTCP) [23]. However, 

the use of fluoride and calcium phosphate nanocrystals is 

protective only to the outermost 30 µm of enamel [28]. 

Furthermore, the mechanical and structural properties of the 

resulting HAp do not match those of natural enamel. A 

simple chemical technique demonstrated the potential to 

regenerate enamel directly under conditions close to 

physiological (37°C, 1 atm, pH 6.0). This method involved 

a combination of a solution of calcium phosphate with the 

chelating agent N-(2-hydroxyethyl) ethylene-diamine-N, 

N’', N'-triacetic acid (HEDTA), and finally adding a KF 

solution. This delayed nucleation and promoted the 

formation of larger crystals of more than 10 µm in length 

[28, 29]. When fluoride ions are introduced into the solution 

and integrated into the HAp lattice, hexagonal crystals of 

fluorapatite are formed. Several therapeutic limitations are 

encountered. A device is necessary to separate the 

mineralization solution from the oral environment, as the 

process spans several days. Moreover, the clinical safety of 

the chelating agent HEDTA is not confirmed. Furthermore, 

this technique is not capable of reconstructing the inter-

prism sections [29]. The FDA-approved product silver 

diamine fluoride (SDF) is used to treat dental cavities. This 

solution can be applied to the caries-free areas to prevent 

decay. It is also effective in treating dental hypersensitivity, 

halting decay in primary teeth, preventing pit and fissure 

caries in erupting permanent teeth, sterilizing infected root 

canals, and preventing root caries in the geriatric population 

[30, 31]. Additionally, it prevents the dentin matrix from 

degrading and the dentin tissue from demineralizing. 

Furthermore, the SDF’s antibacterial properties stop 

cariogenic biofilms from growing. One disadvantage of this 

approach is that carious lesions become discolored and 

black following SDF therapy, which may not satisfy 

patients. Calcium phosphate ion clusters and HAp have 

recently been used to create a biomimetic regenerative 

solution that, when applied to caries, can induce crystalline-

amorphous mineralization and epitaxial crystal growth [32]. 

This solution is structurally similar to the original enamel 

and has the potential to restore enamel up to 2.7 µm thick 

[33].  

Structures known as self-assembled peptides can be 

produced using a bottom-up approach due to various bonds 

and π–π stacking forces between small molecules, mostly 

peptide amphiphiles (PA) [34, 35]. These molecules consist 

of a hydrophilic head group with a peptide group attached to 

a hydrophobic tail group of a dialkyl chain. In aqueous 

environments, PA can spontaneously form nanostructures, 

and variations in pH, concentration, or divalent ion 

concentration can trigger the self-assembly process [36]. 

Chemical and physical properties influence the shape of 
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nanostructures made from self-assembling peptides. 

Because self-assembling peptides form fibrous structures 

with a high aspect ratio and have well-defined surface 

functional groups that periodically repeat in the structure 

and aid in mineral nucleation, their use in enamel 

regeneration is beneficial [37]. Additionally, these peptides 

are injectable and undergo in situ gelation, making them 

suitable as filling materials for irregularly shaped cavities. 

However, the self-assembling peptides may undergo 

proteolytic breakdown, limiting their therapeutic uses and 

reducing their efficacy on dental surfaces [38].  

Advanced physical and chemical regeneration techniques  

Rotary evaporation and controlled crystal growth 

Rotary evaporation is a straightforward method that is 

effective in organizing crystal formation and regenerating 

dental structures, including enamel, dentin, titanium sheets, 

and polyethylene sheets [39, 40]. It produces organized 

structures with a controlled thickness quickly. This method 

involves growing HAp crystals under rotational evaporation 

in a remineralizing solution that contains calcium, 

phosphate, and fluoride minerals [40]. Silk fibroin can be 

used to modulate crystal formation due to structural 

similarity to amelogenin. It was found that the regenerated 

enamel-like crystals possess microstructure and mechanical 

properties that are equivalent to those of natural enamel 

[41].  

Laser-assisted mineralization 

Lasers are widely used in dentistry to whiten teeth and cut 

soft tissues. They are appropriate for enamel restoration 

applications because of their photothermal effects, which 

warm the surrounding area and transform the reaction 

environment into a hydrothermal oven, aiding in crystal 

development [42, 43]. By controlling the formation of HAp 

crystals in the areas and speeding up the mineralization of 

dental enamel, lasers can stop dental calculus from forming. 

Nevertheless, the diode laser source has the potential to 

damage the nerve cells in this layer by overheating the pulp 

[44, 45]. Consequently, additional research is required to 

confirm the efficacy of switching the laser source. 

Additionally, the tooth enamel is remineralized using 

femtosecond pulsed lasers (fs) by sintering specific material 

placed on damaged enamel. Like a thermal antenna, Fe2O3 

NPs could absorb laser photons, scatter the heat nearby to 

fluorapatite crystals, and cause compression into a thick 

layer adherent to the native enamel [42, 44].  

Electric field-guided biomimetic mineralization 

Electrically-Induced Enamel Regeneration represents a 

groundbreaking clinical technique for quickly and 

effectively remineralizing dental cavities without the need 

for drilling or filling. This approach is applicable for 

repairing the entire depth of early-stage or moderate cavities 

through a painless procedure that eliminates the need for 

injections, drills, or restorative materials [46]. Moreover, 

this method conserves the healthy portion of the tooth during 

treatment, helping to maintain tooth integrity, and it can also 

be used for teeth whitening. The procedure involves placing 

a small handpiece on the decayed tooth surface and consists 

of two steps: initially, a remineralizing agent in paste or 

liquid form is applied to the cavities, followed by a brief 

application of an electric field to speed up the movement of 

mineral agents to the affected area [47]. 

Electrodeposition, or electrochemical deposition, is a 

straightforward and cost-effective technique used to apply a 

uniform layer onto substrates by means of an electrical field. 

This process is divided into two primary types: electrolytic 

deposition (ELD) and electrophoretic deposition (EPD). In 

ELD, metal ions undergo electrochemical reduction, or 

colloidal particles are formed through cathodic reactions, 

and these are then transported to the electrode to create a 

layer [48]. Conversely, in EPD, charged particles in a liquid 

suspension are directed towards the electrode. ELD 

typically results in thinner coatings compared to EPD. The 

ELD method has demonstrated the capability to 

simultaneously precipitate self-assembled amelogenin 

proteins and calcium phosphate (CaP) under physiological 

conditions, thereby enhancing crystal growth and improving 

the mechanical properties of enamel-like composite 

coatings. A notable benefit of this method is its ability to 

coat calcium phosphate or hydroxyapatite (HAp) onto 

substrates with porous or irregular surfaces at relatively low 

temperatures while allowing for controlled crystallinity [48-

50]. Additionally, the gradual rise in local pH near the 

cathode can trigger the self-assembly of amelogenin 

proteins, as well as the supersaturation of CaP and crystal 

nucleation on the cathode. However, the high electric field 

conditions required in this process limit its potential for 

clinical application [48, 51]. 

In situ remineralization and amelogenin-based approaches 

Enamel remineralization and regeneration can be achieved 

by imitating the capabilities of the organic matrix. Initially, 

native enamel apatite forms within a gel-like environment 

that contains various proteins, such as amelogenin. As the 

enamel matures, these organic molecules are largely broken 

down or removed [49]. Proteins within the organic matrix 

provide the structural skeleton for supporting crystal 

formation and growth during enamel development. The gel-

like organic materials’ physicochemical properties more 

accurately replicate the native enamel matrix compared to 

aqueous solution-based systems, thereby controlling crystal 

growth [52]. On the other hand, the extracellular matrix of 

proteins and proteases is crucial for enamel mineralization. 

Enamelin, ameloblastin, amelotin, and amelogenin 

constitute the primary enamel matrix proteins (EMPs) 

produced by ameloblasts, with the latter being the most vital 

in the process of enamel mineralization [53, 54]. 

Amelogenin influences mineralization by managing the 

crystallization of calcium and phosphate into well-formed 

crystals within prisms, including orientation, size, and 

length. Further, recombinant full-length amelogenin (rP172) 

was shown to promote under physiological conditions the 
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construction of organized needle-like fluoridated HAp 

crystals in a dose-dependent manner. Adding fluoride to 

amelogenin is also crucial for crystal remineralization and 

packing density [53, 55, 56]. Although in situ enamel 

remineralization is beneficial for early caries lesions, the 

difficulty and high cost of expressing and purifying 

amelogenin contribute to the limited clinical applications 

[53, 57]. 

Cell-based regeneration and stem cell therapy 

Dental epithelial cell sources 

Ameloblasts are responsible for forming natural enamel 

during tooth development, making cell-based enamel 

regeneration promising as it can mimic the natural process 

of enamel formation and create enamel with properties 

similar to native tissue. There are several dental cell sources 

available for enamel regeneration, which can be used to 

restore tooth enamel. 

Primary enamel organ epithelial (EOE) cells are found in the 

enamel organ epithelium of an unerupted tooth and resemble 

ameloblasts, making them a potential source for generating 

new enamel. The initial epithelial-like cells in the tooth bud 

express amelogenin and can be found in either polygonal or 

stellate shapes. However, maintaining the primary 

characteristics of EOE cells during long-term in vitro 

cultivation is quite difficult [58, 59]. Culturing these cells 

poses two significant challenges: firstly, their growth is 

hindered when dental mesenchymal cells contaminate them, 

and secondly, they undergo terminal differentiation after 

several passages. Additionally, once a tooth erupts, these 

cells become inaccessible, necessitating alternative cell 

sources for adults without unerupted teeth [58, 60]. 

The epithelial cell rests of Malassez (ERM) are epithelial 

cells that exhibit stem cell-like properties and originate from 

Hertwig’s epithelial root sheath (HERS). It remains in PDL 

throughout adulthood in order to maintain tissue 

homeostasis. It is thought to be the only dental-origin 

epithelial cells in adult teeth and is involved in the formation 

of tooth roots. These cells have the capacity to develop into 

ameloblasts and can be derived from either ERM in the root 

surface following dental extraction or from HERS in the 

open root apex [61, 62]. Adult human epithelial stem cells, 

which may be retrieved from extracted third molars, can be 

used as readily accessible autologous epithelial stem cells 

[63, 64]. 

Keratinocytes Human keratinocytes can be extracted from 

the skin’s epidermis and utilized as a source of non-dental 

epithelial cells to form dental enamel. These cells are readily 

available and rapidly proliferate in cell culture. Fibroblast 

growth factor 8 (FGF8) and mouse embryonic dental 

mesenchyme have been shown to induce human 

keratinocyte cell sheets to differentiate into enamel-

producing ameloblasts. However, these cells cannot be used 

as an ideal cell source for the development of bioengineered 

teeth in the future due to their relatively low induction rate 

of ameloblast differentiation. It has been observed that low 

temperature culture or FGF8 with Sonic Hedgehog protein 

(SHH) treatment greatly accelerates the rate of ameloblastic 

differentiation in human keratinocyte stem cells [65-68].  

Ameloblast-like cell lines 

Ameloblast-like cell lines are developed by implementing 

viral oncogenes into cells derived from dental tissues, 

enabling them to proliferate indefinitely and exhibit a gene 

expression profile akin to ameloblasts [69, 70]. These cell 

lines facilitate research into the molecular and cellular 

processes involved in amelogenesis and enamel 

regeneration without relying on animals for cell isolation. 

LS8, a cell line derived from mice, serves as a model for the 

secretory phase of amelogenesis due to its high expression 

of amelogenin, ameloblastin, enamelin, and Mmp20, 

although it cannot form calcified nodules [71, 72]. ALC, 

another mouse-derived cell line, simulates the maturation of 

ameloblasts and expresses amelogenin, odontogenic 

ameloblast-associated protein (Odam), Klk4, and 

amelogenin [73, 74]. This cell line also exhibits pronounced 

activity of alkaline phosphatase, forming calcified nodes. 

HAT-7 is a dental epithelial cell line retrieved from the rat 

incisors apical bud. This cell line has been shown through 

immunocytochemical studies to exhibit ameloblast 

characteristics, including the expression of amelogenin and 

ameloblastin, which are considered secretory phase 

markers. Further, maturation-stage markers are expressed, 

such as Klk4 and amelotin [75, 76]. Rat incisors are also the 

source of SF2, another dental epithelial cell line, which is 

useful for studying epithelial cell fate, matrix adhesion, and 

interactions with dental mesenchymal stem cells [77]. 

Lately, scientists created two immortalized epithelial cell 

lines from mouse EOE. EOE-2M and EOE-3M cell lines 

retain their proliferative ability and express amelogenin, 

ameloblastin, KLK4, and MMP20, making them suitable for 

studying the secretory and maturation stages [78, 79]. 

Unfortunately, mouse and rat cell lines are not applicable for 

human enamel repair, offering limited value for examining 

human enamel repair and regeneration. 

Induced pluripotent stem cells 

Induced pluripotent stem cells (iPSCs) can be derived from 

various dental stem cells retrieved from apical papillae 

(SCAP), dental pulp (DPSCs), human exfoliated deciduous 

teeth (SHED), wisdom teeth, and fibroblasts of the oral 

mucosa and periodontal ligament [80, 81]. iPSCs offer an 

endless supply of dental epithelial cells without the ethical 

concerns or immunorejection risks associated with 

embryonic stem cells. Research has demonstrated that 

iPSCs can produce potential epithelial progenitors when 

cultured on collagen-coated dishes with bone morphogenic 

protein (BMP)-4 and retinoic acid (RA). Additionally, 

iPSCs can be co-cultured with dental epithelial cell line SF2 

or ERM cells to differentiate into enamel-producing 

ameloblasts [82, 83]. However, the original phenotype’s 

epigenetic memory in iPSCs, which persists even after 
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reprogramming, limits their differentiation potential and 

poses a risk of tumor formation from undifferentiated cells 

in the target cells. Another drawback is the multiple 

differentiation steps required to guide iPSCs from an 

undifferentiated state to enamel-producing cells [80].  

Ameloblast differentiation-inducing factors 

T-box1 (Tbx1) is one of the Brachyury-related transcription 

factor family, and its modification or absence can result in 

DiGeorge syndrome, a genetic disorder affecting the 

development of organs such as the heart, face, parathyroid, 

and teeth. Tbx1 has been identified as a promoter of 

ameloblast differentiation, proliferation, and enamel 

formation [84]. In a mouse model, the removal of Tbx1 

resulted in the lack of enamel and ameloblasts, reduced cell 

proliferation, decreased amelogenin expression, and varying 

degrees of hypomineralization and hypoplasticity [85, 86]. 

The expression of Tbx1 in dental epithelium is associated 

with fibroblast growth factor (FGF) expression, which is 

crucial for ameloblast specification, survival, and 

proliferation. Globoside, which is also prominently 

expressed during tooth development, has been shown to 

enhance ameloblast differentiation by boosting the 

expression of enamel matrix proteins, epiprofin, and 

regulating runt-related transcription factor 2 (Runx2) 

expression when administered exogenously in HAT-7 cells, 

although it does not affect cell proliferation. The AmeloD 

transcription factor plays a critical role in tooth 

morphogenesis by regulating E-cadherin expression and 

epithelial–mesenchymal interactions. In a mouse model, the 

deletion of AmeloD led to hypoplasia, the formation of 

smaller teeth, and impeded cell migration. The knockout of 

nuclear factor 1-C also resulted in structurally defective 

enamel and reduced ameloblast differentiation by regulating 

the osterix pathway [85, 87]. Additionally, TGF-𝛽-1 can 

promote enamel mineralization and maturation by 

regulating the expression of RUNX2 and WD repeat-

containing protein 72 (WDR72). It has also been shown that 

TGF-𝛽-1, BMP-2-soaked apatite, and interleukin-7 (IL-7) 

can induce ameloblast differentiation. Basic fibroblast 

growth factor (FGF-2) also influences ameloblast 

differentiation and enamel matrix secretion [88]. However, 

there is a lack of time-controlled delivery of transcription 

and growth factors to guide stem cells differentiation into 

ameloblasts. 

Tissue engineering and scaffold-based strategies 

When dental epithelial SF2 cells are cultivated in three-

dimensional spheroid cultures, their differentiation into 

ameloblasts and subsequent mineralization are enhanced. 

Consequently, using scaffold-based methods for enamel 

tissue regeneration appears to be a promising strategy [89, 

90]. Scaffolds, crafted from both synthetic and natural 

biomaterials, have been developed in forms such as sponges, 

hydrogels, and meshes to aid in the regeneration of enamel 

or enamel-dental tissue complexes. These scaffolds offer 

structural support for dental tissue formation by providing 

cell-matrix signals and ideally are responsible for 

replicating the extracellular matrix (ECM), cellular 

interaction, proliferation, and differentiation. They should 

also degrade over time, possess suitable physical properties, 

and facilitate the diffusion process. Scaffold-based 

approaches may also allow for the integration of controlled 

delivery systems for the sustained release of signaling 

molecules and/or antibacterial agents in carious 

environments. Both polyglycolate/poly-L-lactate 

(PGA/PLLA) and poly(lactide-co-glycolide) (PLGA) 

scaffolds were shown to support tooth growth. 

Bioengineered teeth demonstrated the potential to replace 

missing teeth by implanting tissue-engineered constructs in 

place of the missing tooth. However, teeth grown in the 

fresh extraction site in the jaw were less organized compared 

to those grown in the omentum, indicating the need for 

further research to enhance the implantation process of 

bioengineered teeth in the jaw. A step-by-step cell-seeding 

technique has proven effective in promoting tooth 

regeneration and influencing the shape of tissue-engineered 

constructs. This method involves initially seeding 

mesenchymal cells densely onto collagen sponge scaffolds, 

followed by the addition of epithelial stem cells on top, 

ensuring direct contact between the two cell types. 

Additionally, fully formed heterotopic ossicles with 

structures resembling enamel, dentin, cementum, and bone, 

surrounded by cartilage tissue, as well as lipid-laden 

adipocytic clusters, were observed in co-transplants after 10 

weeks [91, 92]. Scaffold-based methods also offer the 

potential to incorporate antibacterial molecules with active 

ingredients that trigger signaling pathways of cell repair and 

regeneration similar to those used for regeneration of 

dentine [88, 93]. 

 Challenges and future perspectives 

Despite the pressing demand for enamel regeneration and 

repair, the field of enamel tissue engineering remains in its 

early stages, facing numerous challenges and complexities. 

For example, the morphogenetic features of dental crown 

shapes differ significantly from those of regenerated 

enamel-dentin complexes, which tend to be either linear or 

circular with enamel situated within the dentin [94, 95]. 

Additionally, the arrangement of enamel prisms is 

somewhat irregular compared to natural enamel. The small 

size of regenerated crowns and lack of alignment with 

scaffold size represent another challenge that should be 

addressed [89, 96-98]. Furthermore, the intricate 

posttranslational protein processing required for crystal 

growth and the distinctive movement of ameloblasts, which 

shape HAp crystals into enamel rods, add further 

complexity to enamel tissue engineering [99, 100]. 

Consequently, more research is needed to understand how 

to regenerate enamel tissue with precise control over its 

shape and size. 

Conclusion 

Despite significant progress in developing techniques for 

enamel regeneration, numerous challenges remain. The 
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complex structure of enamel and its unique properties pose 

difficulties in replicating it through synthetic methods. 

Moreover, the success of current regeneration techniques 

often varies based on external factors and the conditions 

under which they are applied. Future research is likely to 

focus on refining the parameters for enamel regeneration, 

improving the integration and compatibility of artificial 

materials with natural enamel, and further exploring the use 

of stem cell therapy in dentistry. As this field advances, 

interdisciplinary collaboration among experts in materials 

science, cell biology, and clinical dentistry will be essential 

for creating better enamel regeneration strategies. Enamel 

regeneration methods are at the forefront of dental science, 

offering innovative ways to restore both the structural 

integrity and function of this vital tissue. By integrating 

biochemical methods, nature-inspired design, and 

advancements in tissue engineering, significant strides have 

been made in understanding and replicating the complex 

processes involved in enamel formation. As research 

continues to uncover new techniques and enhance existing 

ones, the potential for successful enamel regeneration is 

expected to increase, promising improved dental treatment 

options in the future. 

Acknowledgments: None 

Conflict of interest: None 

Financial support: None 

Ethics statement: None 

References 

 

1. Beniash E, Stifler CA, Sun CY, Jung GS, Qin Z, 

Buehler MJ, et al. The hidden structure of human 

enamel. Nat Commun. 2019;10(1):4383. 

doi:10.1038/s41467-019-12185-7 

2. Lacruz RS, Habelitz S, Wright JT, Paine ML. Dental 

enamel formation and implications for oral health and 

disease. Physiol Rev. 2017;97(3):939-93. 

doi:10.1152/physrev.00030.2016  

3. Baldassarri M, Margolis HC, Beniash E. Compositional 

Determinants of Mechanical Properties of Enamel. J 

Dent Res. 2008;87(7):645-49. 

doi:10.1177/154405910808700711  

4. Cui FZ, Ge J. New observations of the hierarchical 

structure of human enamel, from nanoscale to 

microscale. J Tissue Eng Regen Med. 2007;1(3):185-

91. doi:10.1002/term.21  

5. Zhuang Z, Yoshimura H, Aizawa M. Synthesis and 

ultrastructure of plate-like apatite single crystals as a 

model for tooth enamel. Mater Sci Eng C. 

2013;33(5):2534-40. doi:10.1016/j.msec.2013.02.035  

6. Ang SF, Saadatmand M, Swain MV, Klocke A, 

Schneider GA. Comparison of mechanical behaviors of 

enamel rod and interrod regions in enamel. J Mater Res. 

2012;27(2):448-56. doi:10.1557/jmr.2011.409  

7. Ripa LW, Gwinnett AJ, Buonocore MG. The 

‘prismless’ outer layer of deciduous and permanent 

enamel. Arch Oral Biol. 1966;11(1):41-45. 

doi:10.1016/0003-9969(66)90116-6  

8. He LH, Swain MV. Understanding the mechanical 

behavior of human enamel from its structural and 

compositional characteristics. J Mech Behav Biomed 

Mater. 2008;1(1):18-29. 

doi:10.1016/j.jmbbm.2007.05.001  

9. Simmer JP, Richardson AS, Wang SK, Reid BM, Bai 

Y, Hu Y, Hu JC. Ameloblast transcriptome changes 

from secretory to maturation stages. Connect Tissue 

Res. 2014;55(Suppl1):29-32. 

doi:10.3109/03008207.2014.923862 

10. Robinson C, Brookes SJ, Shore RC, Kirkham J. The 

developing enamel matrix: nature and function. Eur J 

Oral Sci. 1998;106(S1):282-91. doi:10.1111/j.1600-

0722.1998.tb02188.x  

11. Smith CE. Cellular and Chemical Events During 

Enamel Maturation. Crit Rev Oral Biol Med. 

1998;9(2):128-61. 

doi:10.1177/10454411980090020101  

12. Robinson C, Brookes SJ, Bonass WA, Shore RC, 

Kirkham J. Enamel Maturation. 2007:156-74. 

doi:10.1002/9780470515303.ch11  

13. Bartlett JD. Dental Enamel Development: Proteinases 

and Their Enamel Matrix Substrates. ISRN Dent. 

2013:1-24. doi:10.1155/2013/684607  

14. Bronckers ALJJ. Ion Transport by Ameloblasts during 

Amelogenesis. J Dent Res. 2017;96(3):243-53. 

doi:10.1177/0022034516681768  

15. Li W, Zhang Y, Babajko S, Den Besten P. Enamel 

Matrix Biomineralization: The Role of pH Cycling. 

2021:271-93. doi:10.1007/978-3-030-76283-4_11  

16. Huang GT-J. Dental pulp and dentin tissue engineering 

and regeneration advancement and challenge. Front 

Biosci. 2011;E3:286. doi:10.2741/e286  

17. Hashem D, Abu Hammad O, Farran J, Faran A, Odeh 

ND. Oral health practice of primary school children in 

the region of Madinah, Saudi Arabia: A cross-sectional 

study. J Int Oral Health. 2021;13:449. 

doi:10.4103/JIOH.JIOH_73_21  

18. Hashem D, Abu Hammad O, Farran J, Faran A, Odeh 

ND. Perspectives on dental caries: A cross-sectional 

study among parents of primary school children in 

Saudi Arabia. Open Dent J. 2022;16. 

doi:10.2174/18742106-v16-e2201060  

19. Farooq I, Bugshan A. The role of salivary contents and 

modern technologies in the remineralization of dental 

enamel: A narrative review. F1000Res. 2021;9:171. 

doi:10.12688/f1000research.22499.3  

20. STRUŻYCKA I. The Oral Microbiome in Dental 

Caries. Pol J Microbiol. 2014;63:127-35. 

doi:10.33073/pjm-2014-018  

21. He Y, Vasilev K, Zilm P. pH-Responsive Biomaterials 

for the Treatment of Dental Caries—A Focussed and 

Critical Review. Pharmaceutics. 2023;15:1837. 

doi:10.3390/pharmaceutics15071837  



Alhodhodi 

 

Annals of Dental Specialty Vol. 14; Issue 1. Jan – Mar 2026 | 90 

 

22. Schultze LB, Maldonado A, Lussi A, Sculean A, Eick 

S. The Impact of the pH Value on Biofilm Formation. 

2021:19-29. doi:10.1159/000510196  

23. Shen P, Manton DJ, Cochrane NJ, Walker GD, Yuan Y, 

Reynolds C, et al. Effect of added calcium phosphate on 

enamel remineralization by fluoride in a randomized 

controlled in situ trial. J Dent. 2011;39(7):518-25. 

doi:10.1016/j.jdent.2011.05.002Reynolds 

24.  Reynolds EC. Calcium phosphate‐based 

remineralization systems: scientific evidence? Aust 

Dent J. 2008;53:268-73. doi:10.1111/j.1834-

7819.2008.00061.x  

25. Vasisth D, Mehra P, Yadav L, Kumari V, Bhatia U, 

Garg R. Fluoride and its implications on oral health: A 

review. J Pharm Bioallied Sci. 2024;16(Suppl1):S49-

S52. doi:10.4103/jpbs.jpbs_929_23  

26. Bhagavatula P, Levy SM, Broffitt B, Weber-Gasparoni 

K, Warren JJ. Timing of fluoride intake and dental 

fluorosis on late-erupting permanent teeth. Community 

Dent Oral Epidemiol. 2016;44:32-45. 

doi:10.1111/cdoe.12187  

27. Sullivan RJ, Masters J, Cantore R, Roberson A, Petrou 

I, Stranick M, et al. Development of an enhanced 

anticaries efficacy dual component dentifrice containing 

sodium fluoride and dicalcium phosphate dihydrate. Am 

J Dent. 2001;14(Spec No):3A-11A.  

28. Angelova Volponi AA, Zaugg LK, Neves V, Liu Y, 

Sharpe PT. Tooth Repair and Regeneration. Curr Oral 

Health Rep. 2018;5:295-303. doi:10.1007/s40496-018-

0196-9  

29. Yin Y, Yun S, Fang J, Chen H. Chemical regeneration 

of human tooth enamel under near-physiological 

conditions. Chem Commun. 2009:5892. 

doi:10.1039/b911407f  

30. Boobalan S, Prabakar J, Therathil SG, Sidhu L, 

Arumugham IM. Effectiveness of silver diamine 

fluoride in arresting root caries - a systematic review. 

Rom J Stomatol. 2025;71:113-20. 

doi:10.37897/RJS.2025.1.13  

31. Almallah LAA, Fahmi MQM, Al-Lehaibi WK. Sodium 

Fluoride Varnish versus Silver Diamine Fluoride 

Effectiveness to Stop Dental Decay in Primary Molars. 

Dent 3000. 2025;13. doi:10.5195/d3000.2025.1044  

32. Gao SS, Zhao IS, Hiraishi N, Duangthip D, Mei ML, Lo 

ECM, et al. Clinical trials of silver diamine fluoride in 

arresting caries among children: A systematic review. 

JDR Clin Trans Res. 2016;1(3):201-10. 

doi:10.1177/2380084416661474 

33. Shao C, Jin B, Mu Z, Lu H, Zhao Y, Wu Z, et al. Repair 

of tooth enamel by a biomimetic mineralization frontier 

ensuring epitaxial growth. Sci Adv. 

2019;5(8):eaaw9569. doi:10.1126/sciadv.aaw9569 

34. Holzwarth JM, Ma PX. 3D nanofibrous scaffolds for 

tissue engineering. J Mater Chem. 2011;21(28):10243. 

doi:10.1039/c1jm10522a  

35. Nguyen LTH, Chen S, Elumalai NK, Prabhakaran MP, 

Zong Y, Vijila C, et al. Biological, chemical, and 

electronic applications of nanofibers. Macromol Mater 

Eng. 2013;298(8):822-67. 

doi:10.1002/mame.201200143  

36. Rivas M, del Valle LJ, Alemán C, Puiggalí J. Peptide 

Self-Assembly into Hydrogels for Biomedical 

Applications Related to Hydroxyapatite. Gels. 

2019;5(1):14. doi:10.3390/gels5010014  

37. Sun L, Zheng C, Webster T. Self-assembled peptide 

nanomaterials for biomedical applications: promises 

and pitfalls. Int J Nanomedicine. 2016;12:73-86. 

doi:10.2147/IJN.S117501  

38. Kirkham J, Firth A, Vernals D, Boden N, Robinson C, 

Shore RC, et al. Self-assembling peptide scaffolds 

promote enamel remineralization. J Dent Res. 

2007;86(5):426-30. doi:10.1177/154405910708600507 

39. Fang Z, Guo M, Zhou Q, Li Q, Wong HM, Cao CY. 

Enamel-like tissue regeneration by using biomimetic 

enamel matrix proteins. Int J Biol Macromol. 

2021;183:2131-41. doi:10.1016/j.ijbiomac.2021.06.028  

40. Elgamily HM, Safwat EM, Youssef AM. Development 

of a novel Agarose/Nano-Hydroxyapatite/Grape seed 

extract hydrogel for biomimetic remineralization of 

demineralized human enamel (An In-Vitro Study). Sci 

Rep. 2025;15(1):26086. doi:10.1038/s41598-025-

11490-0  

41. Wang S, Zhang L, Chen W, Jin H, Zhang Y, Wu L, et 

al. Rapid regeneration of enamel-like-oriented 

inorganic crystals by using rotary evaporation. Mater 

Sci Eng C Mater Biol Appl. 2020;115:111141. 

doi:10.1016/j.msec.2020.111141 

42. Loganathan S, Sharma G, Daskalakis E, Strafford S, 

Barimah EK, Jha A. Ultrashort pulsed laser‐assisted 

direct restoration of human enamel using 3D printable 

biocomposite. Adv Mater Technol. 2025;10(9). 

doi:10.1002/admt.202401362  

43. Leadbeatter D, Tjaya KC. Human rights and bioethical 

principles in correctional settings: A systematic review 

of the evidence. Asian J Ethics Health Med. 2024;4:97-

106. doi:10.51847/wSNBedLrGt  

44. Stefanova V, Zhekov K, Vassilev D, Petrov T, 

Sapundzhiev A, Stoychev L. Femtosecond Laser 

Ablation of Human Enamel and Cementum – a Pilot 

Study. Proc Bulg Acad Sci. 2025;78(10). 

doi:10.7546/CRABS.2025.10.03  

45. Bona C, Camacho-Alonso F, Vaca A, Llorente-Alonso 

M. Oral Biofilm Control in Patients Using Orthodontic 

Aligners: Evidence from a Systematic Review. Asian J 

Periodontics Orthod. 2025;5:33-42. 

doi:10.51847/siIhUaqfip  

46. Wu XT, Mei ML, Li QL, Cao CY, Chen JL, Xia R, et 

al. A Direct Electric Field-Aided Biomimetic 

Mineralization System for Inducing the 

Remineralization of Dentin Collagen Matrix. Materials 

(Basel). 2015;8(11):7889-99. doi:10.3390/ma8115433 

47. Rajapaksa RDW, Wang YC, Chin YC, Jang K, Abdal-

Hay A, Ivanovski S, et al. Dental Erosion Management: 

From Remineralization to Emerging Regenerative 

Approaches-A Narrative Review. Biomimetics (Basel). 

2026;11(2):107. doi:10.3390/biomimetics11020107 

https://doi.org/10.51847/wSNBedLrGt
https://doi.org/10.51847/siIhUaqfip


Alhodhodi 

 

Annals of Dental Specialty Vol. 14; Issue 1. Jan – Mar 2026 | 91 

 

48. Bai Y, Yu Z, Ackerman L, Zhang Y, Bonde J, Li W, et 

al. Protein nanoribbons template enamel mineralization. 

Proc Natl Acad Sci U S A. 2020;117(32):19201-8. 

doi:10.1073/pnas.2007838117  

49. Pierre C, Bertrand G, Pavy I, Benhamou O, Rey C, 

Roques C, et al. Antibacterial Electrodeposited Copper-

Doped Calcium Phosphate Coatings for Dental 

Implants. J Funct Biomater. 2022;14(1):20. 

doi:10.3390/jfb14010020  

50. Al-Mubarak AM, Alkhaldi FA, Alghamdi AA, 

Almahmoud MA, Alghamdi FA. Awareness and 

Clinical Competency of Dental Students in Crown 

Lengthening Procedures. Asian J Periodontics Orthod. 

2024;4:42-51. doi:10.51847/r5cLVpz1UT  

51. Salem HM, Watanabe S, Chang AH. Ethical concerns 

in managing anorexia nervosa: A content analysis of 

ethics consultation records. Asian J Ethics Health Med. 

2025;5:25-35. doi:10.51847/oHEI6FgL3V  

52. Alkilzy M, Qadri G, Splieth CH, Santamaría RM. 

Biomimetic Enamel Regeneration Using Self-

Assembling Peptide P11-4. Biomimetics. 

2023;8(3):290. doi:10.3390/biomimetics8030290  

53. Sakr AH, Nassif MS, El-Korashy DI. Amelogenin-

inspired peptide, calcium phosphate solution, fluoride 

and their synergistic effect on enamel biomimetic 

remineralization: An in vitro pH-cycling model. BMC 

Oral Health. 2024;24(1):279. doi:10.1186/s12903-024-

04008-z  

54. Do DT, Nguyen H, Tran MD, Nguyen NL, Nguyen 

TBT. An Investigation into the Factors Affecting the 

Effectiveness of SME Accountants in Vietnam. Asian J 

Indiv Organ Behav. 2025;5:19-28. 

doi:10.51847/U2bKZKQf0a  

55.  Pandya M, Diekwisch TGH. Amelogenesis: 

Transformation of a protein-mineral matrix into tooth 

enamel. J Struct Biol. 2021;213(4):107809. 

doi:10.1016/j.jsb.2021.107809  

56. Hima N, Benarous D, Louail B, Hamadi W. Impact of 

social media on consumer purchasing behavior via e-

marketing: An empirical study of algerian university 

students. Asian J Indiv Organ Behav. 2024;4:49-57. 

doi:10.51847/v1DRqVmWCg  

57. Kebe IA, Kahl C, Liu Y. The role of transformational 

leadership in enhancing employee performance: A 

study of the vietnamese banking industry. Ann Organ 

Cult Leadersh Extern Engagem J. 2025;6:21-30. 

doi:10.51847/g7jtt7Qgxk  

58. Zhu X, Zhao Y, Bai X, Dong Q, Tian C, Sun R, et al. 

Small molecules direct the generation of ameloblast-

like cells from human embryonic stem cells. Stem Cell 

Res Ther. 2025;16(1):173. doi:10.1186/s13287-025-

04294-6 

59. Njoroge E, Odhiambo S. Elucidating the Therapeutic 

Mechanisms of Agrimonia pilosa Ledeb. Extract for 

Acute Myocardial Infarction via Network 

Pharmacology and Experimental Validation. Pharm Sci 

Drug Des. 2025;5:48-63. doi:10.51847/eZOWCUj80m  

60. Földes A, Sang-Ngoen T, Kádár K, Rácz R, Zsembery 

Á, DenBesten P, et al. Three-dimensional culture of 

ameloblast-originated HAT-7 cells for functional 

modeling of defective tooth enamel formation. Front 

Pharmacol. 2021;12:682654. 

doi:10.3389/fphar.2021.682654 

61. Davis EM. A Review of the Epithelial Cell Rests of 

Malassez on the Bicentennial of Their Description. J 

Vet Dent. 2018;35(4):290-8. 

doi:10.1177/0898756418811957  

62. Maslyakova AR, Magomedova SA, Romantsov IN, 

Nurbagandov SM, Bulovin MN, Podobin OR. 

Evaluation of the Anticancer Potential of Selenium 

Nanoparticles. Arch Int J Cancer Allied Sci. 

2023;3(2):41-7. doi:10.51847/POXX7HfEZo 

63. Pardo-Zamora F, Castellano-Rioja G. Liquid biopsy in 

oral cancer diagnosis: A narrative review of emerging 

diagnostic tools. Arch Int J Cancer Allied Sci. 

2024;4(1):1-6. doi:10.51847/CcaLqtzvoN  

64. Athanassiou-Papaefthymiou M, Papagerakis P, 

Papagerakis S. Isolation and Characterization of Human 

Adult Epithelial Stem Cells from the Periodontal 

Ligament. J Dent Res. 2015;94(11):1591-600. 

doi:10.1177/0022034515606401  

65. Guillen J, Pereira R. Institutional Influence on Gender 

Entrepreneurship in Latin America. Ann Organ Cult 

Leadersh Extern Engagem J. 2024;5:28-38. 

doi:10.51847/RaQltcyzXu  

66. Lee YT, Tan YJ, Oon CE. An Overview of Targeted 

Therapy Applications in Cancer Treatment. Asian J 

Curr Res Clin Cancer. 2025;5(1):30-35. 

doi:10.51847/P55dZHZAF2  

67. Song Y, Wang B, Li H, Hu X, Lin X, Hu X, et al. Low 

temperature culture enhances ameloblastic 

differentiation of human keratinocyte stem cells. J Mol 

Histol. 2019;50(5):417-25. doi:10.1007/s10735-019-

09837-9 

68. Hu X, Lee JW, Zheng X, Zhang J, Lin X, Song Y, et al. 

Efficient induction of functional ameloblasts from 

human keratinocyte stem cells. Stem Cell Res Ther. 

2018;9(1):126. doi:10.1186/s13287-018-0822-4 

69. MacDougall M, Mamaeva O, Lu C, Chen S. 

Establishment and characterization of immortalized 

mouse ameloblast‐like cell lines. Orthod Craniofac Res. 

2019;22(S1):134-41. doi:10.1111/ocr.12313  

70. Khan TM, Tahir H, Adil Q, Baig MR, Jaber AAS, 

Khaliel AM, et al. A Three-decade overview of female-

specific cancers in malaysia: A thorough examination. 

Asian J Curr Res Clin Cancer. 2024;4(2):5-18. 

doi:10.51847/LIdazW7afN  

71. Conti A, Ricci L, Esposito M. In Vitro Evaluation and 

In Vivo Pharmacokinetic Assessment of Intranasal 

Tadalafil Nanocrystals. Ann Pharm Pract Pharmacother. 

2025;5:94-111. doi:10.51847/8J1kgy8yW6  

72. Sarkar J, Simanian EJ, Tuggy SY, Bartlett JD, Snead 

ML, Sugiyama T, et al. Comparison of two mouse 

ameloblast-like cell lines for enamel-specific gene 

https://doi.org/10.51847/r5cLVpz1UT
https://doi.org/10.51847/oHEI6FgL3V
https://doi.org/10.51847/v1DRqVmWCg
https://doi.org/10.51847/g7jtt7Qgxk
https://doi.org/10.51847/eZOWCUj80m
https://doi.org/10.51847/POXX7HfEZo
https://doi.org/10.51847/CcaLqtzvoN
https://doi.org/10.51847/RaQltcyzXu
https://doi.org/10.51847/P55dZHZAF2
https://doi.org/10.51847/LIdazW7afN
https://doi.org/10.51847/8J1kgy8yW6


Alhodhodi 

 

Annals of Dental Specialty Vol. 14; Issue 1. Jan – Mar 2026 | 92 

 

expression. Front Physiol. 2014;5:277. 

doi:10.3389/fphys.2014.00277 

73. Le Norcy E, Lesieur J, Sadoine J, Rochefort GY, 

Chaussain C, Poliard A. Phosphorylated and Non-

phosphorylated Leucine Rich Amelogenin Peptide 

Differentially Affect Ameloblast Mineralization. Front 

Physiol. 2018;9:55. doi:10.3389/fphys.2018.00055  

74. Csep AN, Voiţă-Mekereş F, Tudoran C, Manole F. 

Understanding and Managing Polypharmacy in the 

Aging Population. Ann Pharm Pract Pharmacother. 

2024;4:17-23. doi:10.51847/VdKr0egSln  

75. Nakata A, Kameda T, Nagai H, Ikegami K, Duan Y, 

Terada K, et al. Establishment and characterization of a 

spontaneously immortalized mouse ameloblast-lineage 

cell line. Biochem Biophys Res Commun. 

2003;308(4):834-9. doi:10.1016/S0006-

291X(03)01467-0 

76. Snodin DJ, McCrossen SD. Regulatory Considerations 

of Pharmaceutical Impurities with Emphasis on 

Genotoxic Impurities. Pharm Sci Drug Des. 2024;4:1-

15. doi:10.51847/ck2yogXhAS  

77. Bori E, Guo J, Rácz R, Burghardt B, Földes A, Kerémi 

B, et al. Evidence for Bicarbonate Secretion by 

Ameloblasts in a Novel Cellular Model. J Dent Res. 

2016;95(5):588-96. doi:10.1177/0022034515625939  

78. Kawano S, Saito M, Handa K, Morotomi T, Toyono T, 

Seta Y, et al. Characterization of dental epithelial 

progenitor cells derived from cervical-loop epithelium 

in a rat lower incisor. J Dent Res. 2004;83(2):129-33. 

doi:10.1177/154405910408300209 

79. Raza S, Khan A, Mehmood F, Farooq U. Nationwide 

implementation of essential pharmacogenomic testing 

in the netherlands: A decision-analytic model of lives 

saved and cost-effectiveness. Spec J Pharmacogn 

Phytochem Biotechnol. 2025;5:39-49. 

doi:10.51847/PUWEymkYkk  

80. Gao P, Liu S, Wang X, Ikeya M. Dental applications of 

induced pluripotent stem cells and their derivatives. J 

Dent Sci Rev. 2022;58:162-71. 

doi:10.1016/j.jdsr.2022.03.002  

81. Ganea M, Horvath T, Nagy C, Morna AA, Pasc P, 

Szilagyi A, et al. Rapid Method for Microencapsulation 

of Magnolia officinalis Oil and Its Medical 

Applications. Spec J Pharmacogn Phytochem 

Biotechnol. 2024;4:29-38. doi:10.51847/UllqQHbfeC 

82. Petchesi CD, Kozma K, Iuhas AR, Hodisan R, Jurca 

AD. Co-occurrence of beckwith-wiedemann syndrome 

and familial long QT syndrome type I: A case report. 

Interdiscip Res Med Sci Spec. 2025;5(1):17-22. 

doi:10.51847/ihFGrsCY5a  

83. Alghadeer A, Hanson-Drury S, Patni AP, Ehnes DD, 

Zhao YT, Li Z, et al. Single-cell census of human tooth 

development enables generation of human enamel. Dev 

Cell. 2023;58(20):2163-80.e9. 

doi:10.1016/j.devcel.2023.07.013 

84. Gao S, Moreno M, Eliason S, Cao H, Li X, Yu W, et al. 

TBX1 protein interactions and microRNA-96-5p 

regulation control cell proliferation during craniofacial 

and dental development: implications for 22q11.2 

deletion syndrome. Hum Mol Genet. 2015;24(8):2330-

48. doi:10.1093/hmg/ddu750 

85. Catón J, Luder HU, Zoupa M, Bradman M, Bluteau G, 

Tucker AS, et al. Enamel-free teeth: Tbx1 deletion 

affects amelogenesis in rodent incisors. Dev Biol. 

2009;328(2):493-505. doi:10.1016/j.ydbio.2009.02.014 

86. Yu M, Ma Y, Han F, Gao X. Effectiveness of 

mandibular advancement splint in treating obstructive 

sleep apnea: A systematic review. J Curr Res Oral Surg. 

2025;5:25-32. doi:10.51847/AInSXrD9rc 

87. Zhang Y, Pan A, Wang J, Pan X, Chen J, Li H, et al. 

Assessing the Role of Play Therapy in Easing Anxiety 

and Despair in Children with Cancer. Int J Soc Psychol 

Asp Healthc. 2023;3:40-8. doi:10.51847/S7vZ2lgmuc 

88. Bluteau G, Luder HU, De Bari C, Mitsiadis T. Stem 

cells for tooth engineering. Eur Cell Mater. 2008;16:1-

9. doi:10.22203/eCM.v016a01 

89. Tadaki Y, Anada T, Shiwaku Y, Nakamura T, 

Nakamura M, Kojima M, et al. A 3D culture model 

study monitoring differentiation of dental epithelial 

cells into ameloblast-like cells. RSC Adv. 

2016;6(67):62109-18. doi:10.1039/C6RA04570G. 

90. Zar H, Moore DP, Andronikou S, Argent AC, Avenant 

T, Cohen C, et al. Principles of Diagnosis and Treatment 

in Children with Acute Pneumonia. Interdiscip Res Med 

Sci Spec. 2024;4(2):24-32. doi:10.51847/4RVz1Zxy4h 

91. Morotomi T, Kawano S, Toyono T, Kitamura C, 

Terashita M, Uchida T, et al. In vitro differentiation of 

dental epithelial progenitor cells through epithelial–

mesenchymal interactions. Arch Oral Biol. 

2005;50(8):695-705. 

doi:10.1016/j.archoralbio.2004.12.006 

92. Mickevičius I, Astramskaitė E, Janužis G. A Systematic 

Review of the Implant Success Rate Following 

Immediate Implant Placement in Infected Sockets. J 

Curr Res Oral Surg. 2024;4:20-31. 

doi:10.51847/PcPJL1v1XF 

93. Yılmazer E, Altinok A. Innovative Approaches to 

Delivering Mindfulness-Based Stress Reduction 

(MBSR) in Cancer Care: Improving Access and 

Engagement. Int J Soc Psychol Asp Healthc. 2024;4:1-

12. doi:10.51847/4u9e1ZvfMS 

94. Li P, Ou Q, Shi S, Shao C. Immunomodulatory 

properties of mesenchymal stem cells/dental stem cells 

and their therapeutic applications. Cell Mol Immunol. 

2023;20(6):558-69. doi:10.1038/s41423-023-00998-y 

95. Jagsi R, Lee J, Roselin D, Ira K, Williams J. Do U.S. 

Medical schools follow medical associations’ 

recommendations on paid parental leave for faculty? 

Ann Pharm Educ Saf Public Health Advocacy. 

2025;5:1-11. doi:10.51847/r117In8wdi 

96. Dupont H, Lefevre MA. Patient-Taught Workshop to 

Develop Calgary-Cambridge Communication Skills in 

Hospital Pharmacy Residents: Implementation and 

Outcomes. Ann Pharm Educ Saf Public Health 

Advocacy. 2024;4:185-91. 

doi:10.51847/Z4Tey6oMKA 

https://doi.org/10.51847/VdKr0egSln
https://doi.org/10.51847/ck2yogXhAS
https://doi.org/10.51847/PUWEymkYkk
https://doi.org/10.51847/ihFGrsCY5a
https://doi.org/10.51847/4RVz1Zxy4h


Alhodhodi 

 

Annals of Dental Specialty Vol. 14; Issue 1. Jan – Mar 2026 | 93 

 

97. Kowalski TW, Reis LB, Andreis TF, Ashton-Prolla P, 

Rosset C. Rare Co-occurrence of Two Mutational 

Variants in NF1: Molecular Testing Reveals Diagnostic 

Surprises. J Med Sci Interdiscip Res. 2024;4(2):20-9. 

doi:10.51847/H2qQlZTYO7 

98. Pullisaar H, Verket A, Szoke K, Tiainen H, Haugen HJ, 

Brinchmann JE, et al. Alginate hydrogel enriched with 

enamel matrix derivative to target osteogenic cell 

differentiation in TiO2 scaffolds. J Tissue Eng. 

2015;6:2041731415575870. 

doi:10.1177/2041731415575870 

99. Honda MJ, Tsuchiya S, Sumita Y, Sagara H, Ueda M. 

The sequential seeding of epithelial and mesenchymal 

cells for tissue-engineered tooth regeneration. 

Biomaterials. 2007;28(4):680-9. 

doi:10.1016/j.biomaterials.2006.09.039 

100. Elamin SM, Redzuan AM, Aziz SAA, Hamdan S, 

Masmuzidin MZ, Shah NM. Educational Impact on 

Glycemic Outcomes Among Children and Adolescents 

Diagnosed with Type 1 Diabetes. J Med Sci Interdiscip 

Res. 2023;3(1):41-64. doi:10.51847/s5KgRZ9e1O  

 


